The spindle checkpoint must detect the presence of unattached or improperly attached kinetochores and must then inhibit progression through the cell cycle until the offending condition is resolved. Detection probably involves attachment-sensitive kinetochore phosphorylation (reviewed in [1, 2] 
The 3F3/2 antibody recognizes certain kinetochore proteins when they are phosphorylated [14] . Phosphorylation can be controlled in lysed PtK 1 cells [15] . The necessary kinase and phosphatase are both present on kinetochores after PtK 1 cells are lysed and the cytoplasm rinsed away. In lysed cells, the phosphatase is the dominant enzyme; all kinetochores are dephosphorylated when lysed cells are incubated in buffer alone. In contrast, if microcystin is added to inhibit the phosphatase and ATP is provided, the kinase will rephosphorylate the 3F3/2 epitope on all kinetochores. Under these in vitro conditions, the phosphorylation status of the kinetochore is controlled by the experimenter, rather than by tension at the kinetochore which is the situation in vivo [16] .
After lysed cells were rephosphorylated for 30 minutes in ATP plus microcystin, all kinetochores were labeled with the 3F3/2 antibody, regardless of the stage of mitosis or the position of the kinetochore on the spindle (Figure 1d-f) . In control preparations incubated with ATP in the absence of microcystin, none of the kinetochores labeled with the 3F3/2 antibody ( Figure 1a -c); this result was also independent of mitotic stage or chromosome position on the spindle.
Mad2 binds to phosphorylated but not unphosphorylated kinetochores
We compared the ability of exogenous Mad2 to bind to phosphorylated versus unphosphorylated kinetochores. For each experiment (n = 8), one set of coverslips of lysed and washed PtK 1 cells was treated to dephosphorylate the 3F3/2 epitope on kinetochores (ATP minus microcystin; Figure 2a -c). At the same time, a second set of coverslips was treated to rephosphorylate the 3F3/2 epitope (ATP plus microcystin; Figure 2d -f). One coverslip from each set was fixed and processed to examine the 3F3/2 phosphorylation status; the remaining coverslips were incubated with purified Xenopus Mad2 (XMad2) at a concentration of about 10 µg/ml (400 nM) and then fixed and processed for Mad2 labeling. The dephosphorylation and rephosphorylation procedures leave the normal, endogenous Mad2 in place: cells that were fixed prior to incubation in exogenous XMad2 showed Mad2 labeling at unattached kinetochores, but not at attached kinetochores at the metaphase plate (as in Figure 2a-c) . Therefore, to study exogenous Mad2, we looked at kinetochores of chromosomes at the metaphase plate. We found that XMad2 bound to all the phosphorylated kinetochores, but did not bind to any unphosphorylated kinetochores (Figure 2 ). The intensity of anti-Mad2 antibody staining at kinetochores at the metaphase plate was at least a third of that measured for kinetochores near the poles (which contain endogenous Mad2; see [10] and below). Controls incubated in microcystin and the unhydrolyzable ATP analog, AMP-PNP, showed neither kinetochore phosphorylation nor Mad2 binding. Hence, the binding requires phosphorylation and is not caused by microcystin.
In lysed cells, the difference in the ability of phosphorylated and unphosphorylated kinetochores to recruit Mad2 is not due to a difference in kinetochore tension. Any tension that existed in vivo is lost because microtubules depolymerize during the lysis, washing and binding procedures. This was demonstrated by measuring the 
Figure 2
Phosphorylated kinetochores bind Mad2.
(a) A DIC image of a lysed and washed PtK 1 cell. This cell was treated with ATP alone (no phosphatase inhibitor was added); under these circumstances, the 3F3/2 epitope is not phosphorylated (see Figure 1 ). The lysed cell was then incubated with exogenous Mad2. (b) Anti-Mad2 antibody labeling of the cell shown in (a). The yellow arrows indicate a pair of sister kinetochores on a chromosome that lies off the metaphase plate, and was not attached to the spindle when the cell was lysed. Only these two kinetochores labeled for Mad2, presumably due to endogenous Mad2 which is present at unattached kinetochores. Attached kinetochores of chromosomes at the metaphase plate are not labeled. Mad2 is present on spindle poles (arrowhead), as is found in untreated cells [10] . 
A link between error detection and cell-cycle inhibition, attachment and tension
We have identified a probable link between the detection of errors in chromosome attachment to the spindle and the molecular components that lead to inhibition of cell-cycle progression. Our data are the first that connect the phosphoprotein(s) detected by the 3F3/2 antibody to a known component of the spindle checkpoint, Mad2. The best current evidence suggests that, in living cells, phosphorylation is regulated by tension from mitotic forces, whereas Mad2 binding is inhibited by kinetochore microtubule attachment [10] . The present experiments show that Mad2 binding is promoted by kinetochore phosphorylation, at least in vitro. We propose that in living cells, as in vitro, the binding of Mad2 is governed by tension-sensitive kinetochore phosphorylation, whereas its loss is governed largely by the accumulation of kinetochore microtubules. On this view, the spindle checkpoint as represented by Mad2 monitors both the tension and the accumulation of microtubules at kinetochores.
Consistent with this proposal, our results show that the conditions for the binding and the release of Mad2 are different. Kinetochore phosphorylation is necessary for in vitro binding of exogenous Mad2, but endogenous Mad2 is not released upon kinetochore dephosphorylation. Endogenous Mad2 that was bound to unattached kinetochores at the time of cell lysis remained bound in lysed cells treated with either the phosphorylation or dephosphorylation protocols (for example, Figure 2a -c, yellow arrows). This explains the intense Mad2 labeling of unattached kinetochores seen in earlier studies [10, 12] after procedures that do not preserve kinetochore phosphorylation (because no phosphatase inhibitor was used; see [14] ).
A model
A summary of our results is shown in the model in Figure 3 . Kinetochore proteins become phosphorylated during prophase [14] , as they are not under tension [17] . The spindle checkpoint proteins Bub1, Bub3 and Bub1-related also localize to kinetochores prior to nuclear envelope breakdown [18] . After the nuclear envelope breaks down, Mad1 [11] and Mad2 [12, 13] from the cytoplasmic pool bind to the phosphorylated kinetochores. The binding of microtubules to kinetochores promotes loss of Mad2 [10] and the interaction of kinetochores with microtubules also generates tension at kinetochores, resulting in dephosphorylation of the 3F3/2 epitope [16] and a reduction in the binding affinity for Mad2. In our model, Mad2 at kinetochores forms a complex with Cdc20; the complex prevents activation of the APC [3] [4] [5] [6] [7] [8] . Because both Mad2 and Cdc20 localize to unattached kinetochores, unattached kinetochores are an obvious place for the complex to form. This idea is also supported by the strong correlation between Mad2 localization to at least one kinetochore and the checkpoint-induced mitotic arrest [10] . The Mad2-Cdc20 complex is released from the kinetochore into the cytoplasm, where it binds to and prevents activation of the APC.
This is a first, tentative model for the complete pathway between errors in chromosome attachment to the spindle and the delayed onset of anaphase that allows errors to be corrected. Even if correct in principle, it is obviously incomplete. Unanswered questions include the roles of other known players, such as the other Mads [11] , the Bubs [19, 20] , mitogen-activated protein (MAP) kinase [21] and the microtubule motor proteins cytoplasmic dynein and Brief Communication 651 CENP-E, which also become depleted at kinetochores after microtubule attachment and could facilitate Mad2 depletion from the kinetochore (reviewed in [22] ).
Materials and methods
PtK 1 cells (American Type Culture Collection) were grown on 22 mm number 1.5 glass coverslips in MEM (Sigma) containing FBS, antibiotics and antimycotics in a 37°C, 5% CO 2 incubator.
Kinetochore rephosphorylation was carried out essentially as described [14, 23] at a temperature of 37°C. Cells were rinsed quickly in TM buffer (50 mM Tris, 5 mM MgCl 2 , pH 7.4), lysed in 0.5% Triton-X100 in TM for 4 min and then rinsed with TM for 15 min, replacing the buffer every 5 min. Next, cells were incubated in TM for an additional 7 min, to ensure dephosphorylation of the 3F3/2 epitope on kinetochores. To rephosphorylate kinetochores, these lysed and washed cells were incubated in 1.6 mM ATP, 500 nM microcystin (a phosphatase inhibitor), and 1.6 mM dithiothreitol in TM buffer for 30 min. Lysed and washed cells in which the kinetochores were to remain dephosphorylated were incubated for 30 min in the same medium, but without microcystin. For Mad2-binding experiments, cells were immediately incubated with exogenous XMad2 as follows.
Full-length XMad2 tagged with six histidines at the amino terminus [12] was expressed in Escherichia coli with Qiaexpress vector pQE10 (Qiagen). The expressed protein was purified according to Qiagen's instructions for soluble proteins. Cells in the rephosphorylated state were incubated in approximately 10 µg/ml XMad2 and 100 nM microcystin (to inhibit dephosphorylation) in TBS at 37°C. Excess XMad2 was then rinsed from cells with TBS containing 100 nM microcystin for 15 min at 37°C, replacing the buffer every 5 min. Alternatively, cells in the dephosphorylated state were incubated in approximately 10 µg/ml XMad2 at 37°C without microcystin and rinsed with TBS at 37°C. The preparations were fixed for immunolabeling with 1-4% formaldehyde (prepared fresh daily from paraformaldehyde) for 20 min. Cells were rinsed in either PBS plus 0.05% Tween 20 (for Mad2 labeling) or MBS (10 mM MOPS at pH 7.4 and 150 mM NaCl) plus 0.05% Tween 20 (for 3F3/2 labeling). Immunolabeling with Mad2 and 3F3/2 antibodies was carried out as described earlier [10] . Images of immunofluorescently labeled cells were collected and processed as previously described [10, 17] . Pairs of images whose intensity was to be compared were acquired and processed identically (Figure 1b,e; Figure 2b ,e).
